Ultrasound elasticity imaging has demonstrated utility in breast imaging, but it is typically performed with handheld transducers and two-dimensional imaging. Two-dimensional (2D) elastography images tissue stiffness of only a plane and hence suffers from errors due to out-ofplane motion, whereas three-dimensional (3D) data acquisition and motion tracking can be used to track out-of-plane motion that is lost in 2D elastography systems. A commercially available automated breast volume scanning system that acquires 3D ultrasound data with precisely controlled elevational movement of the 1D array ultrasound transducer was employed in this study. A hybrid guided 3D motion-tracking algorithm was developed that first estimated the displacements in one plane using a modified quality-guided search method, and then performed an elevational guided-search for displacement estimation in adjacent planes. To assess the performance of the method, 3D radiofrequency echo data were acquired with this system from a phantom and from an in vivo human breast. For both experiments, the axial displacement fields were smooth and high cross-correlation coefficients were obtained in most of the tracking region. The motion-tracking performance of the new method was compared with a correlationbased exhaustive-search method. For all motion-tracking volume pairs, the average motioncompensated cross-correlation values obtained by the guided-search motion-tracking method were equivalent to those by the exhaustive-search method, and the computation time was about a factor of 10 lesser. Therefore, the proposed 3D ultrasound elasticity imaging method was a more efficient approach to produce a high quality of 3D ultrasound strain image.
Introduction
Elastography can noninvasively reveal variations in tissue elasticity and is increasingly being employed in clinical breast imaging. 1 Mammography is the main imaging modality for breast cancer screening, and ultrasonography is often used for follow-up. 2 Mammography performs poorly in dense breast, however, and even when combined with ultrasonography, has relatively poor specificity. 3 As a result, many patients who have benign lesions undergo biopsy, which increases anxiety, pain, and cost. 4, 5 Breast elastography, as an adjunct for conventional B-mode ultrasound imaging, provides higher specificity for breast cancer diagnosis and could reduce the rate of benign biopsy. 6 The promise of elastography to aid in diagnosis of breast tumors was initially reported in 1997. 7 Currently, two breast elasticity imaging techniques are available in clinical ultrasound systems: strain elastography and shear wave elastography. 2 In typical strain elastography, the tissue is deformed by freehand compression with the transducer along the direction of the acoustic beams. 8 The stress applied to the tissue is usually unknown, with notable exceptions, 9,10 so strain elastography typically provides qualitative elasticity information. In shear wave elastography, an acoustic radiation force impulse (ARFI) is employed to remotely deform the tissue, initiating the propagation of a shear wave, and the shear wave speed is displayed in an image. [11] [12] [13] ( The square of the shear wave speed is proportional to Young's modulus under idealized conditions. Specifically, the simple conversion from shear wave speed to shear modulus assumes that the region of interest is large compared to the shear wavelength, that measurements are performed well away from material boundaries, and that the material is homogeneous, isotropic, and linearly elastic with purely elastic response to deformation.) For shear wave elastography of the breast, a threshold shear wave speed can separate malignant lesions from benign lesions, 14, 15 but those shear wave speed estimates and the decision thresholds are system dependent.
Many manufacturers of ultrasound machines provide real-time two-dimensional (2D) strain elastography. Most studies reporting strain imaging have used 2D images, 16 although there are notable exceptions. [16] [17] [18] [19] [20] Two-dimensional elastography is limited by its inability to track motion out of the scan plane. However, it can be used to track displacements only in the axial (the direction of the propagating acoustic beam) and lateral (cross-beam) directions. As a result, 2D motion tracking is subject to decorrelation error caused by motion out of the image plane, as the tissue deforms in three dimensions (including the elevational direction), even though the applied deformation is mainly in the axial direction. Tracking the out-of-plane elevational motion requires 3D imaging.
There are several techniques to acquire 3D (volume) ultrasound data. A high-frequency 2D array transducer (with electronic beam steering) allows a fast-volume data acquisition rate. But 2D arrays suitable for breast imaging are difficult to manufacture and are not widely available. 17 Commercially available approaches require translation of a linear 1D array in the elevational direction, controlled by either freehand or a stepper motor. [20] [21] [22] Uniform spatial sampling cannot be guaranteed with the freehand technique, but stepper motor control of the transducer sweep can be used to reproducibly obtain volume ultrasound data. In the work reported here, the ultrasound data acquisition system was a modified, commercially available whole breast ultrasound system with both axial compression motion and elevational movement of a 1D-array ultrasound transducer controlled by motors.
Motion tracking is critical for elasticity imaging. Most displacement-tracking algorithms use a metric analogous to normalized cross-correlation between the predeformation and postdeformation signals as the similarity metric and determine the displacement by searching for the maximum correlation. 8 An exhaustive-search method with normalized cross-correlation as the similarity metric generates huge computational expense and is therefore not well-suited for processing the large 3D data sets. A guided-search method can significantly reduce computational expense and minimize large displacement estimate errors. [23] [24] [25] [26] The motion-tracking method employed in this paper is a modified guided-search method designed for tracking motion in 3D ultrasound radiofrequency (RF) echo data. The displacements were determined by a modified quality-guided search method we call a "2D region growing displacement estimation method."
Many 3D motion-tracking algorithms have been assessed using only simulation or phantom data. Experience with in vivo imaging, however, indicates that both those tests significantly underestimate the challenges associated with clinical breast data. [16] [17] [18] [19] [20] [21] [22] The 3D motion-tracking method reported here was tested using echo data from the whole breast ultrasound system on a phantom and in vivo human breast.
The current implementation of this motion-tracking algorithm performs offline analysis of the 3D data and is not intended to display strain images in real-time. However, compared with 2D elastography, 3D elastography can track out-of-plane motion, provide a more complete view of the elastic information of the lesion, and should improve the accuracy in locating and diagnosing the breast abnormalities.
Method

Ultrasound Data Acquisition System
A Siemens Acuson S2000 automated breast volume scanning system (ABVS) was used to acquire volumetric ultrasound RF echo data in this study. As shown in Figure 1 , the system consists of two parts, a Siemens S2000 ultrasound system and the ABVS attachment. The ABVS is composed of a support tower, an arm, and a transducer pod assembly containing a 15 cm long, 768-element 1D array ultrasound transducer (14L5BV). The transducer excitation frequency was set to 11 MHz. Elevational transducer motion was controlled by a motor inside the pod assembly that sweeps the transducer in the elevational direction within the pod.
The commercial system uses an open-mesh screen that couples the transducer to the breast. In this study, the screen assembly was replaced with a compliant, fluid-filled coupling bag. The liquid in the coupling bag for this study was canola oil. "Wings" were attached to the transducer face (see Figure 1 ) to extend the flat scanning surface in the elevational direction. The wings limit the elevational scanning range (but provide a flat reference surface for eventual elastic modulus reconstructions). A motor in the tower was added to lift or lower counterweights, which offset the weight of the arm and transducer pod assembly, thus allowing the arm to move vertically (up or down) and apply or release vertical load on the breast. The S2000 was programmed to control the motion of the counterweights (and therefore the arm) and transducer pod. The maximum range for 3D scanning for a single volume with the modified system was 6 cm × 15 cm × 18 cm (axial × lateral × elevational).
Data were acquired using the Axius Direct ultrasound research interface 27 to obtain RF echo data sampled at 40 MHz for each scan line in the 3D volume. Data were stored on the S2000 imaging system and downloaded for offline analysis. The electronic signal-to-noise ratio (SNR) of the echo signal was estimated by the Thomoson's multitaper method 28 to verify whether the SNR exceeded 30 dB (well above the lower limit for low-displacement estimate variance). 29 The echo signal correlation cell size and its spatial sampling (beam spacing) for this imaging system were characterized for the purposes of optimizing motion-tracking kernel sizes. The selection of the size of correlation kernel was based on several of our previous publications. [23] [24] [25] [26] The size of the motion-tracking kernel for guided-search block-matching algorithms involves a tradeoff-large kernels can provide unique data matching, whereas small kernels are more computational efficient and minimize decorrelation within the postdeformation match to the tracking kernel. It is also necessary that adjacent spatial samples of the RF echo field are highly correlated so that an accurate estimate of motion at one location is highly correlated with the RF echo data at its adjacent locations and therefore provides a good prediction of motion in its immediate neighborhood (thus allowing a reduction in the search region size). [23] [24] [25] 
Displacement-tracking Algorithm
The ultrasound volume data was acquired both before and after tissue deformation. Displacement estimation was then performed using the pre-and postdeformation 3D RF echo signal data. In this study, the displacement-tracking algorithm was designed to estimate displacements of all points on a 3D grid (corresponding to sparsely sampled locations in the RF echo field) within the region of interest (ROI). The displacement estimate sampling has been discussed in a prior publication. 23 The 3D displacements were estimated (echo data) plane by plane. We used the coordinate system of the predeformation RF echo data and found the location where tracking kernels had moved to in the postdeformation RF echo field to obtain displacement estimates. Three-dimensional displacement was first estimated for a single plane of echo signal data in the predeformation field, and those estimates were used to guide displacement estimation in the adjacent plane. This 3D grid represented the location of centers of small 3D patches of RF echo data (tracking kernels) in the predeformation field, and the task was to determine the location where those kernels moved to in the postdeformation field. The difference in those locations for an individual tracking kernel was the estimated displacement for that kernel.
Displacement estimation in this algorithm was a four-step process. First, following the methods described by Chen et al. 25 and Jiang and Hall, 26 displacement estimate candidate "seeds" were established as a sparse subset of the 3D grid within the ROI on which the displacements were to be estimated. A method (see Appendix A.1) was used to estimate displacement at each of these seed points and select which displacement estimates among this set of seeds were of sufficiently Figure 1 . Volumetric ultrasound data acquisition system consisting of a Siemens S2000 ultrasound system and the automated breast volume scanning subsystem. The ultrasound transducer moves in the elevational direction inside the ABVS transducer pod (right image). To keep the membrane on the transducer side as flat as possible, "wings" (plates) were attached to each side of the transducer that were designed to increase the uniformity of the pressure applied on the membrane by the transducer. The addition of these plates limited the elevation travel of the transducer and necessitated metal stops on the motor travel path. The ABVS arm can move up or down vertically to exert vertical force. Motion of the arm and the transducer are controlled with software scripts. high quality to be trusted 25, 26 (and thus become the set of "trusted seed points"). Second, a method (see Appendix A.2) was used to select the starting plane of RF echo data within the 3D volume to begin motion tracking. The choice can be arbitrary, such as selecting the central plane of data, or an algorithm can be used to select the plane. Third, displacement was estimated at all remaining grid points in the current plane using a region-growing algorithm (see Appendix A.3). Fourth, displacement of the grid points of the next (adjacent) plane were estimated by using the highquality displacement estimates in the previous plane along with any trusted seed point that might be in the (now) current plane to guide the block-matching search in that plane (see Appendix A.4).
The full description of the region-growing motion-tracking method (RGMT) is given in Appendix A.
Materials
To determine the echo signal correlation cell size and its spatial sampling (beam spacing) for this imaging system, we computed the 3D autocorrelation of RF echo signals from a uniform phantom that produces diffuse scattering from tiny glass beads (3000E beads; nominally 5-20 µm diameter; Potters Industries, Malvern, PA). The sound speed in the phantom was independently measured 30 to be approximately 1517 m/s (comparable to breast tissue 31 ). Figure 2 shows plots of the axial, lateral, and elevational autocorrelation coefficients.
To evaluate the performance of the 2D region-growing motion-tracking algorithm, a simple layered phantom was made, as layered media and heterogeneity in tumors are commonly found in breast imaging. [32] [33] [34] The phantom was a 4.7 cm cube with a 1 cm diameter low (stiffness) contrast spherical inclusion. The phantom was manufactured by first casting the spherical inclusion and allowing it to congeal, and then casting the lower half of the background with an indentation in it to house (half of) the spherical inclusion. A thin layer of gel was poured into the indentation, the sphere was inserted, and the upper half of the background was poured to bond to the sphere and the opposing half of the background. The composition of the phantom is described in Table 1 . To test the stiffness of different layers of the phantom, ARFI imaging was performed in situ on the phantom with Siemens ACUSON S3000 Ultrasound System. The shear wave speeds (SWS) of the upper background, the inclusion, and the lower background are 3.25, 3.03 and 2.40 m/s, respectively, corresponding to shear moduli of 10.2, 8.8, and 5.5 kPa (the density of background and inclusion are about 1.04 g/cm 3 ).
A 3D region (5.5 cm × 7.6 cm × 3.9 cm; larger than the phantom to allow for slipping and transverse expansion) was scanned with the ABVS, resulting in 2856 × 512 × 230 RF echo samples separated by 0.02, 0.15, and 0.17 mm in the axial, lateral, and elevational directions, respectively. The ABVS arm was set to increase the counterweight 0.5 mm after each volume scan, generating the axial deformation to the phantom. Twenty volumes of RF echo data were acquired. Motion tracking was performed from volumes 7 to 9, skipping one volume, to generate a strain of approximate 2%. The desire for approximately 2% frame-(or volume-)average strain is based on optimization from previous studies in strain imaging. 23, 37 An in vivo human breast was also scanned. The human study was approved by the Health Sciences Institutional Review Board at the University of Wisconsin and was compliant with the Health Insurance Portability and Accountability Act of 1996. The subject was recruited from a pool of subjects scheduled for core biopsy based on mammography and ultrasound findings suggesting a BIRADS classification of 4b or higher. The subject was placed in the supine position on a general purpose scanning bed. Her breast was coated with a thin layer of low-viscosity ultrasound coupling gel, and the same gel was used to coat the contact surface of the compliant standoff bag. The scanning pod was then placed over her breast and lowered (as done with the clinical system) until the bag was well-coupled to the breast. A test sweep of the transducer was performed to determine whether there was good coupling between the breast and the bag, so that there was no trapped air, and the volume was centered over the breast mass. A step-wise compression was applied. The subject was asked to hold her breath during each volume scan which took about 16 seconds to complete. Between volumes, the motor in the tower raised the counterweights and this, Molten agar (1 g/100 mL of deionized water) was mixed with 200 Bloom gelatin (16 g/100 mL water) in a ratio of three parts agar solution to two parts gelatin solution. Formaldehyde was added (per table values) to cross-link the gelatin and increase the melting point. 35 Safflower oil was added to the sphere to reduce its elastic modulus while maintaining its gel concentrations. 36 in turn, increased the downward force on the breast to generate the average strain in the breast by about 1%. A 3D region of 6.0 cm × 7.6 cm × 3.1 cm was scanned each step, resulting in 3116 × 512 × 180 RF samples separated by 0.02, 0.15, and 0.17 mm, in the axial, lateral, and elevational directions, respectively. A total of 35 volumes of RF echo data were acquired for this subject. After the scan sequence was complete, data were downloaded from the imaging system for offline analysis, which included forming B-mode images for each scan volume. Motion tracking was performed separately on five consecutive volume pairs, from volumes 13 to 18.
Exhaustive Normalized Cross-correlation Search
For comparison, a simple exhaustive-search motion-tracking method (ESMT) was used to determine the displacement of every grid point in the ROI using a large search region and normalized cross-correlation as the metric for displacement estimation. 8, 38 Motion-compensated normalized cross-correlation (MCNCC) between the predeformation RF echo field (entire 3D ROI) and the corresponding motion-compensated postdeformation RF field was used to compare the performance of the two tracking methods. 39 
Tests of Motion-tracking Performance
In the phantom experiment, a 1.8 cm × 2.8 cm × 1.6 cm (axial × lateral × elevational) rectangular area around the inclusion was selected as the ROI for the displacement tracking. The motiontracking grid points were sampled in this area with intervals of 8 × 1 × 1 RF samples (tracking kernels at every eighth axial sample and in every A-line and image plane). The middle plane was selected as the initial plane for displacement estimation. The seed candidate center points were separated by five points in both axial and lateral directions. In the initial plane, the threshold of maximum cross-correlation sum (see Appendix A) to accept the trusted seeds were set to 0.75 × 5, and the maximum absolute displacement difference (see Appendix A) threshold in axial, lateral, and elevational directions were all set to 1 RF sample. The same thresholds were employed for the elevational guiding point acceptance criteria. The correlation threshold to accept the trusted seeds in adjacent plane was set to 0.8. The tracking kernel size for both the seed selection and region growing were 15 × 3 × 3 RF samples. The search region for seed selection and region growing were 31 × 7 × 7 and 1 × 1 × 1 RF samples, respectively. The exhaustive-search motion-tracking method was performed on the same data using the same volume pairs and tracking ROI. The tracking kernel was 15 × 3 × 3 RF samples (the same as used in the region-growing method), and the search region was 31 × 7 × 7 RF samples (the same as the seed selection for the region-growing method).
In the in vivo human experiment, to save computation time, a small rectangular area surrounding the identified lesion was selected as the ROI for motion tracking and strain image formation. The tracking ROI was 1.5 cm × 3.4 cm × 1.3 cm (axial × lateral × elevational) with motion-tracking grid points separated by 8 × 1 × 1 RF samples. The "trusted seed" and "guiding point" acceptance criteria for the initial plane were the same as the phantom experiment. The correlation threshold to accept the trusted seeds in adjacent planes was set to 0.75. The tracking kernel size for seed selection and region growing were 15 × 3 × 3 RF samples (the same as that used in the phantom study). The search region for seed selection and region growing were 41 × 11 × 11 RF samples (somewhat larger than that used in the phantom study) and 1 × 1 × 1 RF samples, respectively.
The exhaustive-search motion-tracking method was performed on the same data using the same volume pairs and tracking ROI. The tracking kernel was 15 × 3 × 3 RF samples (the same as the region growing), and the search region was 41 × 11 × 11 RF samples (the same as the initial seed selection).
To explore the impact of elevational information on the motion-tracking results, region-growing motion tracking without using elevational information was performed on the same human data using the same volume pairs and tracking ROI. The elevational displacement was forced to be zero. A 2D axial-lateral correlation was used, and the search region was also forced to be in the axial-lateral plane for both seed selection and region growing. Except for removing elevational information, other tracking parameters were all the same as the above-mentioned RGMT with elevational information.
Both the region growing and the exhaustive-search methods were written in C++ and called from MATLAB via the MEX function. Both algorithms were executed on a computer with an Intel Core i7-4790 K CPU and 32 GB memory.
Results
Result for the Phantom Experiment
The results for the phantom experiment are shown in Figures 3 to 5 . Figure 3 shows the B-mode image and motion-tracking results for the initial plane. The electronic SNR for the echo signals in this plane was about 36 dB. The spherical inclusion is easily seen in the B-mode image ( Figure  3a) . The white points in Figure 3 (b) are the locations of the seed candidate center points. The white points in Figure 3 (c) are the trusted seeds that were used for region-growing motion tracking. Each white cross represents one seed center and its four neighboring points. In this case, six seed centers and their neighboring points were accepted as trusted seeds. Thus, the initial known displacement point set (see Appendix A) contains 6 × 5 = 30 points. Figure 3(g) shows the axial strain image. The upper half of background was slightly stiffer (darker, average strain of 2.0%) than the lower half (average strain of 2.8%), and the average strain in the sphere was 2.3% in the upper half and 2.2% in the lower half. As a result, the low-contrast spherical inclusion in the upper background was not detectable compared with the background. However, the inclusion can be identified in the lower background. These average strain values indicate that the upper background is the stiffest, the lower background is the softest, and the inclusion stiffness falls between them. This result is consistent with the elastic moduli estimated in the shear wave speed test. Figure 3(h) shows the tracking cross-correlation coefficient (TCCC) between the tracking kernel in the predeformation RF echo field and its best match in the search region of the postdeformation RF echo field. About 83% of the tracking kernels in this plane had TCCC (with a location in the postdeformation search region) that was higher than 0.8, and the average TCCC in this plane was 0.86. Figure 4 shows the phantom tracking results from using trusted displacement estimates in the initial plane to guide displacement estimation in the adjacent plane. The white points in Figure 4 (b) represent the locations of elevational guiding points in the initial plane that were used to guide the displacement estimation of corresponding (seed candidate) points in this adjacent plane. The white points in Figure 4(c) show the trusted seed locations of this adjacent plane. About 3% of the displacement estimates in this adjacent plane were selected as trusted seeds in this plane. By default, there should have been fewer trusted seeds than the seed candidates in the adjacent plane. However, motion-tracking data from the phantom experiment was so good that almost all seed candidates qualified as trusted seeds in this adjacent plane. Figure  4(d)-(f) shows the lateral, axial, and elevational displacement fields, respectively. Figure 4(g) shows the axial strain image, and Figure 4 (h) shows the TCCC image. About 83% of the tracking kernels in this adjacent plane had a TCCC higher than 0.8, and the average TCCC in this adjacent plane was 0.86. Figure 5 shows the three orthogonal images of the 3D axial strain field from the phantom experiment. The axial strain image of the initial plane (axial-lateral plane of the transducer) is shown in Figure 5 (a). Figure 5(b) shows strain field in the axial-elevational plane going through the vertical line in Figure 5(a) . The round inclusion, especially the lower half sphere, can be seen in this view. Figure 5(c) shows the elevational-lateral plane of the 3D strain field going through the horizontal line in Figure 5 (a) where again the stiff inclusion is easily seen. Figure 5(d) shows the three composite orthogonal strain images together in 3D space. The average normalized cross-correlation between the predeformation and motion-compensated postdeformation field (a robust measure of motion-tracking quality 39 ) over the tracking volume is 0.94. The average MCNCC for the exhaustive-search method was 0.93 illustrating that most reasonably good motion-tracking methods worked equivalently well in simple phantom experiments (typical phantom experiments do not provide a sufficient challenge to study performance of motiontracking algorithms in ultrasound elasticity imaging 39 ).
We compared our 2D region-growing 3D motion-tracking method with an exhaustive search method 38 performed on the same phantom data with the same motion-tracking ROI, motiontracking kernel size, and search region size. Figure 6 shows the motion-tracking results for the phantom using nonguided exhaustive search method (first column) and the 2D region-growing method (second column), respectively. Comparison of the images in the two columns shows that the 2D region-growing motion-tracking method provided a smoother displacement field than the exhaustive search. The displacement errors from the exhaustive search method caused consequent errors in the strain images. In Figure 6 (e), about 83% of the tracking kernels in this plane had a TCCC higher than 0.8. The average TCCC in Figure 6 (e) was 0.86, which is the same as that of the 2D region growing algorithm (0.86; Figure 6f ).
The computation time for motion tracking between a pair of volume RF echo data in the phantom experiment for the exhaustive search method and the 2D region-growing method were about 48 and 4.7 minutes, respectively.
Result for the In Vivo Human Breast
Figures 7 to 9 show the motion-tracking results from an in vivo human breast. Figure 7 shows the displacement estimation results for the initial plane. The ROI-average electronic SNR for the echo signals in this plane was about 38 dB (about 22 dB in the darkest area of the lesion). Figure  7 (a) shows the B-mode image. A hypoechoic suspected lesion in the right lower part of the image is marked by an ellipse. Figure 7(b) shows the location of the seed candidate centers, and Figure  7 (c) shows the trusted seeds in the initial plane. Only one seed center and its four neighboring points were selected as trusted seeds in this plane. Figure 7(d) shows the lateral displacement field. Lateral displacements of most points ranged from 0.1 to 0.7 mm. The average lateral displacement in this plane was 0.45 mm, suggesting a net lateral translation resulting from the axial load. Figure 7 (e) shows the relatively smooth axial displacement field, which ranged mostly from −0.8 to −0.4 mm. Figure 7 (f) shows the elevational displacement field. Elevational displacements of most points ranged from −0.2 to 0.6 mm. The average elevational displacement in this plane was 0.1 mm, though there are neighboring displacement estimates that differ by more than 1 RF sample. Figure 7 (g) shows the axial strain field in which most of the strain values were less than 3%. The average strain value was 0.8%. The ellipse shows the projected outline of the lesion from the B-mode image. Figure 7(h) shows the TCCC image. About 79% of the points in this plane had TCCC higher than 0.8 with the average TCCC in this plane being 0.85. Figure 8 shows the tracking results from using trusted displacement estimates in the initial plane to guide displacement estimation in the adjacent plane for the in vivo human breast. Figure  8(b) shows the locations of guiding points in the initial plane that were used to guide the displacement estimation of corresponding points in this adjacent plane. Figure 8(c) shows the trusted seed locations in this adjacent plane. About 7% of points in this adjacent plane were selected as trusted seeds. Figure 8(d)-(f) shows the lateral, axial, and elevational displacement field, in this adjacent plane, respectively. Figure 8(g) shows the axial strain field. Figure 8(h) shows the TCCC image. About 79% of the tracking kernels in this adjacent plane had a TCCC higher than 0.8, and the average TCCC in this adjacent plane was 0.86. Figure 9 shows the three orthogonal images of the 3D axial stain field from the in vivo human breast experiment. Figure 9(a) shows the axial strain image of the initial plane (axial-lateral plane of the transducer). Figure 9(b) shows the axial-elevational plane of the strain field going through the vertical line in Figure 9 (a). Figure 9(c) shows the elevational-lateral plane of the 3D strain field going through the horizontal line in Figure 9 (a). Figure 9(d) shows the three composite orthogonal strain images together in 3D space.
We compared our 2D region-growing 3D motion-tracking method with an exhaustive search method 30 performed on the same breast data with the same motion-tracking ROI, motion-tracking kernel size, and search region size. Figure 10 shows the motion-tracking results for breast using nonguided exhaustive search method (first column) and the 2D region-growing method (second column), respectively. The average TCCC in Figure 10 (e) was 0.84, which is somewhat higher than that of the 2D region-growing algorithm (0.80; Figure 10f ). However, significant peak-hopping errors are observed in the axial displacement field in Figure 10 (a) and consequent strain errors in Figure 10(c) .
To compare the performance of the two methods, for every volume pair, the MCNCC was calculated. The averages and standard deviations of MCNCC of the entire volume for the five volume pairs are shown in Table 2 . For all five volume pairs, the 2D region-growing tracking method generated almost the same average MCNCC as the exhaustive search method. The computation time for a pair of volume data for the exhaustive search method and 2D region-growing 3D motion-tracking method, however, were about 100 and 5.3 minutes, respectively. Figure 11 shows the motion-tracking results for the breast using the region-growing motiontracking methods without elevational information (first column) and with elevational information (second column). In Figure 11 (e), the elevational displacement of this plane is zero. In Figure 11 (f), the left part of this plane has elevational displacement of approximate two planes (0.34 mm) and the right part about zero. Comparing Figure 11 (i) and (j), more low correlation 
Discussion
Volume ultrasound image data, instead of data from only a single plane, can be obtained by 3D ultrasound scanning systems. After acquisition, data can be analyzed in different ways, 40 such as displaying the data in planes that are not accessible with typical 2D scanning methods. Viewing data in different ways may help physicians discover pathology, which is otherwise difficult to detect. 41 The 3D ultrasound data also enable the visualization of 3D complex tissue structure that might not be seen in typical 2D scanning planes. 42 This is particularly important for elasticity imaging. The 3D ultrasound RF echo data enable tracking of the displacement in the elevational direction (in addition to the axial and lateral tracking available with typical 2D systems). Elevational displacement fields in Figure 11 (f) demonstrate that points that were in the same plane before compression might move to different planes after compression. Such elevational motion can cause echo signal decorrelation, as shown in Figure 11 (i), thus impeding 2D tracking algorithms, whereas a 3D motion-tracking algorithm has the potential to track this heterogeneous elevation displacement, as shown in Figure 11(j) . Furthermore, 2D data acquisition and tracking can limit elasticity imaging of breast lesions to the plane where deformation can be performed with limited elevation motion. This "best plane" for elasticity imaging might not be the best plane for lesion characterization.
In the estimated 3D displacement fields, there may be neighboring points with displacement differences greater than one RF sample, though the search region is only one RF sample. This is a result of their displacement estimation occurring from different active boundary points, and those nearby displacement estimates could differ by more than one RF sample. This provides clear evidence of the merit of a regularized motion-tracking algorithm. 26 Peak-hopping errors are displacement estimate errors exceeding one (ultrasound) wavelength, and they most often occur in the lateral and elevational directions where the displacement estimate guidance is poorer than in the axial direction. The sampling intervals in the lateral and elevational directions are much less than those in the axial direction, and there is no phase information to track. Peak-hopping errors are typically caused by echo signal decorrelation. Any approach to significantly reduce decorrelation error can reduce the frequency of peak-hopping errors. The major decorrelation source in the in vivo experiment is the subject motion. Therefore, keeping the subject motionless during the scan (by increasing the volume acquisition rate) would be an effective approach to prevent peak-hopping errors.
Handheld 3D ultrasound data acquisition systems (2D arrays, or mechanically swept 1D arrays) only acquire relatively small fields of view. As a result, numerous small sets of volume data must be combined, in some manner, to comprehensively study the whole breast, and this makes the approach operator-dependent, reducing reproducibility of results. 43 This approach also increases the time required to scan the entire breast and might miss some areas. 44 Alternatively, whole breast scanning systems are more operator-independent and acquire ultrasound data relatively quickly. Furthermore, computer-aided detection systems could be used to assist in locating possible regions of concern. 45 The ABVS can scan a region large enough to view the entire breast in a single sweep in many women. The precisely controlled elevational motion of the transducer enables uniform spatial sampling. The motor-controlled vertical movement of the transducer not only facilitates the deformation but also makes the generation of strain images less operator-dependent. However, the volume scanning speed (about 13 planes per second in our study) is relatively slow for 3D elasticity imaging. The volume acquisition scan time on the ABVS is determined, in part, by the total number of planes of RF echo data acquired. For the human breast scan in this study, the elevational span and distance between scan planes were set to 40 and 0.2 mm, respectively, resulting in 200 planes of RF data per scan volume. Single volume acquisitions required about 16 seconds. Although subjects were instructed to hold their breath during each volume acquisition, subject breathing motion appeared during some scans causing substantial decorrelation of the RF echo signals and errors in motion tracking.
A compliant coupling attachment, filled with liquid, replaced the commercial open-mesh scanning screen on our research system. Exerting force on the breast via the liquid-filled bag, rather than the mesh screen, likely provided a more uniform surface stress distribution (consistent with greater comfort for the subject). However, as the liquid in the bag occupied some depth along the acoustic scan line, the potential scan depth into the breast was reduced.
We previously reported 3D elasticity imaging based on data from a 2D array. 17 The motiontracking methods implemented in that study were based on a lateral guidance-tracking algorithm. 17 The algorithm first estimates displacements along a central set of A-lines and then uses those displacement estimates to guide displacement estimation along the adjacent A-lines in the axial-elevational plane. Once displacement estimation is complete in that plane, those displacement estimates are used to guide displacement estimation in adjacent planes. Subsequent work demonstrated the superiority of the region-growing strategy for 2D elasticity imaging, 26 and the work reported here extends that region-growing approach to 3D motion tracking.
In the exhaustive search method, the search for maximum correlation was performed within a large search region. Since the search range was larger than a wavelength, the likelihood of large displacement estimate errors was introduced, compared with the guided search strategy, and strong evidence showing the existence of those errors is visible in Figures 6 and 10 . The reduction in these errors and the significantly decreased computation time for guided-search motion tracking are the main advantages of the guided-search motion-tracking approach.
The motion-tracking performance in the phantom was considerably better, as assessed by the motion-compensated cross-correlation estimates between the pre-and postdeformation RF echo fields, than motion tracking in the breast example. In fact, little difference in performance in phantoms was found between the region-growing algorithm and the exhaustive search algorithm, although the latter produced several obvious motion-tracking errors of more than a wavelength (see Figure 6 ). This suggests, as observed in 2D motion-tracking studies, 39 the displacement fields created with typical experiments involving simple phantoms are not sufficiently challenging to test the performance of sophisticated motion-tracking algorithms. Although the "ground truth" is not known in elasticity imaging studies in tissues, the heterogeneity of tissue combined with the more complicated boundary conditions for motion are essential for creating sufficiently complicated displacement fields to test performance of sophisticated motion-tracking algorithms.
The tracking algorithm performance may be influenced by the seed selection. A high density of candidate seed centers was selected in this study to improve the chances of finding "trusted seeds." Despite this, it is possible in some data sets that no trusted seeds would be found in the initial plane, resulting in the failure of the initial step of the algorithm. In such a case, candidate seeds can be tested in more RF echo planes in an attempt to find trusted seeds, and, for example, the plane with the highest concentration of trusted seeds can be used to initiate the region-growing algorithm. If still no seed can be found in all planes under current threshold criteria, seed acceptance criteria can become increasingly less strict until some seeds are found. This regiongrowing displacement estimation algorithm can also fail if no displacement estimates in a plane qualify as "elevational guiding points" for displacement estimation in the adjacent plane. In this situation, the elevational guiding point acceptance criteria can become increasingly less strict until guiding points are found (with a likely compromise in the quality of motion tracking).
In the step of finding trusted seeds, one trusted seed is sufficient for the displacement estimation of the whole plane if the displacement in a plane is continuous. However, if the displacement field of a plane is composed of two or more discontinuous parts, there must be at least one trusted seed in each of these parts to guarantee correct motion tacking result. In the in vivo experiment, if the subject did not move during a scan, and if there is no slipping along a boundary between tissue types, the displacement field should be continuous and one seed is enough.
Conclusion
The modified commercial automated breast volume scanning system reported in this study provided 3D ultrasound RF echo data suitable for elasticity imaging. The 2D region-growing displacement estimation algorithm reported here provided high-quality 3D displacement estimates in a simple phantom and consecutive volumes in an in vivo breast study (high cross-correlation between the pre-and motion-compensated postdeformation echo fields) with computation times that are about one-tenth that of block-matching with an exhaustive 3D search. These results demonstrate that motion tracking with a region-growing guided-search strategy is an attractive approach for 3D quasi-static elasticity imaging.
(2). The center of the search range is the center point (CP) and a relatively large 3D search region is used to perform an exhaustive search. The individual displacement estimates (P′-P) where the maximum correlation sum is obtained are used as the displacements of these five points. 
The displacement difference among the center point (the seed candidate center) and each of its neighboring points is also calculated. The maximum absolute displacement difference (MADD) is computed for each seed candidate center.
High correlation and continuity are the acceptance criteria for trusted seeds. Correlation is represented by the MCCS and the continuity by MADD. A threshold value is set to select those seed points with sufficiently high MCCS. Another threshold is set to determine those seeds with sufficiently high displacement estimate continuity (low MADD). Seeds with MCCS above its threshold and MADD below its threshold are considered trusted seeds.
The threshold for seed acceptance was determined empirically. We expected the threshold to be strict, high MCCS and low MADD, so that the displacement of seeds is more trustworthy. However, if the criteria are too strict, no seed might be found. Therefore, the threshold is a casedependent parameter. The threshold was set to a value that resulted in obtaining several seeds in the data field. Criteria for these thresholds are described for the specific experiments.
A.2. Selection of the initial plane.
The initial plane whose displacements will be first estimated can be arbitrarily selected. The middle plane of the tracking ROI is often selected as this initial plane. Or, the above strategy of trusted seed selection can be extended to a distribution of candidate seeds throughout the volume of interest. Then a strategy for initial plane selection, such as the plane with the highest number of trusted seeds, can be used as the initial plane to begin region growing. In this study, the central plane of RF echo data ROI was arbitrarily selected as the initial plane for motion tracking.
A.3. 2D region-growing displacement estimation. Several "set" definitions help describe the 2D regiongrowing method. We define the "known displacement" point set as the grid points in the predeformation image for which displacement has been estimated. We also define the neighboring point set (NP i ) of a center point (CP) as the four closest (four-connected) points surrounding the center grid point. We also define the boundary point set as a subset of the known displacement point set for which at least one neighboring point has unknown displacement, as shown in Figure A1 . Given this grid of points in the ROI and the known displacement point set, its boundary point set can be determined.
After the determination of the 3D displacements of the trusted seeds in the initial plane, a 3D displacement estimate and a tracking cross-correlation value are associated with each seed point. All trusted seeds compose the initial known displacement point set. The details of the regiongrowing algorithm are described below.
First, the boundary point set is determined. Figure A2 shows an example of the trusted seeds. The solid round and star points are the center points and boundary points, respectively, of the trusted seeds. The boundary point that has the highest tracking cross-correlation value is considered the "most trusted" among the boundary point set and named the "active boundary point" (ABP), whose displacement will be used to guide the displacement estimation at its neighboring points. In Figure A2 , the diamond point represents the active boundary point. The 3D grid spacing is small enough that known displacement at one location provides a good initial estimate of displacement at its nearest neighboring points. 23, 24 Figure A1. An example boundary point set. Displacement has been estimated at both the round and star markers (known displacement points), but the star markers indicate the boundary points. For the neighboring points around the ABP whose displacements are currently unknown (open circles), displacement will be estimated by computing the cross-correlation between the tracking kernel centered at this neighboring point and the kernels within only one grid point in each direction around the predicted displacement (from the known ABP displacement). The postdeformation location with the highest cross-correlation value is selected as the integer (RF sample-level) displacement estimate. Interpolation is used to estimate subsample displacement.
The neighboring points whose displacements were just estimated will be added to the known displacement point set (the three open circle points in Figure A2) . Then, the new boundary point set is determined, and the above process is repeated until the displacement is estimated for all points in this plane.
A. 4 . Adjacent plane displacement estimation. After the displacements in one plane are estimated, the points in this plane whose displacement estimates have high MCCS and low MADD are selected and named "elevational guiding points." These elevational guiding points are then used to guide the displacements of the corresponding points in its adjacent plane with unknown displacements. These corresponding points become seed candidates for region growing in the now current plane. For example, if the known displacement plane number is z and a point (x, y) is a guiding point in plane z, this elevational guiding point (x, y, z) is used to guide the displacement estimation of the point (x, y, z + 1), or equivalently (x, y, z − 1), in its adjacent plane. A small (±1 sample in each direction) search region is used. The displacement is determined by the maximum 3D cross-correlation method. Seed candidates with CCS above a set threshold become trusted seeds for region growing in the now current plane (plane z + 1 or z − 1).
The above process describes how to estimate the in-plane displacements in an RF echo signal plane with unknown displacements from a known displacement field in an adjacent RF echo signal plane. We refer to this as the between-plane displacement estimation. This between-plane displacement estimation is performed plane-by-plane in one elevation direction from the initial plane, and the process is repeated in the opposite elevation direction (from the initial plane) until the displacements in all planes of ROI are estimated and a 3D displacement field on the whole ROI is obtained.
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